Surface-enhanced Raman spectroscopy is a constantly developing analytical method providing not only high-sensitive quantitative but also qualitative information on an analyte. Thus, it is reasonable that it has been tested as a promising detection method in column separations. Although its implementation in analytical separations is not widespread, some surprising results, like enormous signal enhancement and demonstrations of single-molecule identifications, proved in only a few special examples, indicate the potential of the method. The high detection sensitivity and selectivity would be of paramount importance in trace analyses of biologically relevant molecules in complex matrices. However, the combination of surface-enhanced Raman spectroscopy with column separation methods brings two principal issues.
INTRODUCTION
Reliable high-throughput identifications of analytes from complicated matrices are becoming currently a standard requirement for bioanalytical laboratories. This creates an urgent need for sensitive detectors of high selectivity or their combinations with efficient, in many cases multidimensional, separation methods [1, 2] . Various principles of detection techniques have been developed, where MS and optical detectors belong to one of the best established ones in analytical practice. Unfortunately, there are several issues which have Article Related Abbreviations: NP, nanoparticle; SERRS, surface-enhanced resonance Raman spectroscopy; SERS, surface-enhanced Raman spectroscopy to be considered when the optimum combination of a separation method with a detector is to be chosen. MS is a potential detection tool identifying analytes via their masses with an ability to achieve very low detection limits [3, 4] . However, MS requires ionization of analyzed entities and due to the ion suppression effect it struggles with most of the additives (being part of running buffers or mobile phases) and coeluting zones [5] . Difficulties with monitoring compounds in commonly used solvents (IR spectroscopy) or broad spectral information (UV/Vis spectroscopy, fluorescence) claims to conduct identification just from retention data, which is extremely challenging in highly populated chromatograms [6] . Similarly, this is an issue for conductivity detection, where one has to cope with poor biomolecules response too.
With respect to this, Raman spectroscopy belongs to the techniques of remarkable potential due to the ability to detect analytes selectively, thus providing both quantitative and qualitative information. Moreover, the enormous achievements in the technical development of lasers, spectrographs and light detectors, together with new knowledge of nanotechnologies brought Raman spectroscopy among the most promising detection principles [7] [8] [9] . The signal origins from inelastic scattering occurring after interaction of incident radiation and analyzed structure corresponding to changes of rotationalvibrational states of functional groups. Due to the relatively narrow spectral bands, it can distinguish several analytes from a single spectrum, which is very useful in the case of coeluting zones [6, 10, 11] . Although several promising works were published on coupling of separation methods to Raman spectroscopy in the past, due to its insensitivity, it usually requires enrichment step and its use belongs mostly to academic area [12] .
The dramatic increase of Raman signal was observed for the first time in 1974 by Fleischmann et al. during the experiments with pyridine adsorbed on an electrochemically roughened silver electrode [13] . The close proximity of metal nanostructure remarkably increased Raman signal and gave the origin of a surface-enhanced Raman spectroscopy (SERS). The SERS is able to provide valuable structural information about every feature with the sensitivity given by Raman cross section, even in water surroundings (unlike IR spectroscopy), without the need of a charged structure and with capacity to easily distinguish isobars (unlike MS) [14] . Thus, SERS has the potential to combine high sensitivity with structural information content of Raman spectroscopy.
Despite the fact that SERS belongs to relatively mature methods in the field of off-line experiments, its coupling to separation techniques has been so far reported only for model mixtures or for stand-alone applications [7, 15] . This review critically summaries, to the best of our knowledge, all so far published constructional designs in the field of on-line and at-line coupling of SERS detection to LC and CE, i.e. two of the most frequently used liquid-based column separation techniques. All discussed designs are clearly overviewed in Supporting Information in Tables S1 and S2. At the beginning of the review, some of the practical considerations of SERS detection will be briefly discussed too, to provide theoretical background of this matter and explaining challenges of SERS as a detection tool for column separations.
EXPERIMENTAL CONSIDERATI-ONS OF USING SERS AS A DETECT-OR FOR COLUMN SEPARATIONS

Excitation source
Raman scattering belongs to a very rare optical phenomena. It is estimated that only 1 of 10 6 photon interacts with the matter via inelastic scattering. To obtain sufficient number of Raman photons, lasers as sources of high photon density are used for sample excitation nowadays. Moreover, its monochromatic radiation allows easy filtering out most of the elastically interacting photons. Despite the fact, that Raman spectra can be acquired at any excitation frequency, for achieving maximal enhancement effect the laser wavelength should fit the absorption band of SERS substrate [16] .
For the best sensitivity, the choice of suitable laser wavelength should reflect the spectrometric properties of an analyte too. Importantly, if the frequency of the exciting radiation coincides with an electronic absorption band of the analyte, so called resonance conditions are fulfilled resulting in further enhancement. The combination of resonance conditions with a surface-enhancement, i.e. surface-enhanced resonance Raman spectroscopy (SERRS), provides even the sensitivity down to the level of single molecule [17, 18] . The difficulty associated with Raman resonance spectroscopy is that many analytes with the electronic transition in the visible region of the spectrum provide fluorescence too. Therefore, weak and narrow Raman bands may be obscured by more intense and broad fluorescent bands on the background. Luckily, the fluorescent background might be significantly quenched if the analyte is adsorbed on the metal nanostructure [19] .
Seifar et al. observed an interesting effect of resonance conditions on SERS spectrum when analyzing R-hydrocylaryl azo dye present in two isoforms by at-line reverse-phase liquid chromatography (RPLC) [20] . The slight change of the spectral pattern of both isoforms was observed, if the sample was excited by two various wavelengths. It was deduced that this was a result of various resonant contributions of each isoform.
Laser power is another important issue. High laser power brings more Raman photons, i.e. better sensitivity. However, certain level of power can result in photodegradation of analytes, evidenced by graphitic carbonaceous band emerging in a SERS record [21] . The SERS substrate might be negatively affected too. While solid-state substrates suffer from degradation of nanostructure, colloids tend to photodeposit onto walls of detection cells effecting severely the peak shape and/or drift of the baseline [22, 23] .
Metal substrate
The key precondition of the surface-enhancement effect is the interaction between an analyte and substrate, i.e., a nanostructured metal. Although various metals were successfully tested [24, 25] , commonly silver, gold or their combinations are preferred due to their maximum absorption in visible region of spectra and chemical stability.
The SERS substrates can generally have two forms: (1) a solid-state bed firmly attached to the detection window or (2) nanoparticles (NPs) dispersed in the detection environment.
Whereas the fabrication of solid-state substrates covers a wide range of possible (mostly lithographic-based) procedures, the colloids are synthetized by chemical reduction of respective salts [26] . SEM and TEM stand as universal tools for the characterization of fabricated substrates [27] [28] [29] . Colloids can be additionally investigated with UV/Vis spectroscopy providing information about particle concentration, particle size, and its size distribution through values of absorbance, position of λ max , and width of absorbance band [16, 24, 29, 30] . Further, reliable tools are dynamic light scattering providing radius of hydrodynamicaly equivalent sphere and CE separating NPs according to their size and charge [31, 32] .
Substrates provide particularly extensive enhancement effect on the places between two nanostructures or on the sharp edges (see Fig. 1A ). Such places are called hot-spots . Re-drawn with permission from [45] and their formation belongs to the desired aim of preparation ∖protocols. In the case of solid-state substrates, the hot-spots are often achieved via precise geometry of a substrate surface. The techniques for solid-state substrate manufacturing involves many various approaches nicely reviewed elsewhere [26, 33, 34] . Between the most common strategies belong coatings of a silicon template (e.g., nanopillars or microspheres) with a metal layer, electron beam lithography and controlled deposition of NPs. The key aspect of the fabrication procedure is the overall uniformity of the structure needed for reasonable reproducibility as well as accessibility of the hot-spots for the analyte molecules from the bulk solution [35] . It should be noted, that solid-state substrate do not claim any stabilizing agents on their surface, thus reducing risk of interferences in SERS spectra, a relatively frequent problem of NPs dispersion [36] [37] [38] .
Colloids form hot-spots via aggregation of NPs usually initiated by addition of compounds replacing stabilizing structures, e.g., citrates, onto NP surface leading to collapse of the equilibrium and formation of larger entities. As an aggregation agent, chloride anions are usually employed; however, for some analytes of lower adsorption tendency other inorganic anions (e.g., nitrates, sulfates, bromides) are used too [36, 37, 39] . Analyte itself can also initiate aggregation if its affinity towards the substrate surface is large enough [27, [40] [41] [42] . To achieve a homogenous structure of aggregates, the concentration ratio of aggregation agent and NPs as well as their interaction time has to be thoroughly optimized. While the low aggregation level would not bring the hot-spots formation, large aggregates loose suitable properties for surfaceenhancement. Moreover, improperly optimized aggregation process can cause a deposition of NPs on the detection system [36, 37] . The adhesion of NPs might be successfully reduced by segmented liquid-liquid system [43] . However, although there are promising works using segmented flow in separation system [44] , SERS detection has not been so far reported.
When aggregation of NPs is achieved via addition of aggregation agent, the structure of hot-spot is relatively random, which challenges reproducibility of SERS signal [27, 40] . Interestingly, Vlckova et al. reported on an approach highly controlling the positioning of analyte (4,4 ′diaminoazobenzene). In this study, affinity of two amino functional groups towards silver was used for creation of NPanalyte-NP complex (see Fig. 1B ) [45] . Thus, the analyte acted as a linker positioning itself into a location of hotspot, which resulted in the LOD on the level of a single molecule. Similarly, Correa-Duarte et al. developed a sensor for nitrite assay based on conjugation of the two NPs modified by reagents (1-naphthylamine and 4-amino benzenethiol, respectively) forming azo-complex only in the presence of nitrate (Griess reaction) getting the azo-complex into a location of intense electromagnetic field ( Fig. 1A ) [46] .
An important feature of quantitative analyses is adsorption capacity of substrates directly related to the linear response of signal [47] . The system behaves in a linear manner only if analytes adsorb in a monolayer composition (Langmuir isotherm). The saturation of substrates usually leads to multilayers making repeatable measurements or quantification difficult [28, 48, 49] . Thus, for quantification, the SERS signal is usually calibrated only within relatively narrow concentration range [10, 36, 40, 50] . With respect to a separation system, the adsorption capacity of substrates has an important effect on a peak shape too. As the analyte concentration exceeds the substrate capacity, an increased peak width is observed [51] .
Analyte-substrate interaction
The surface-enhancement of Raman signal is attributed to two relatively independent contributions. The first, electromagnetic contribution, causing up to 10 11 enhancement, is related to collective oscillation of electrons (so called SPR) onto the metal nanostructure after interaction with an excitation radiation of suitable energy. The strength of electromagnetic field occurring around the nanostructures is exponentially decreasing in the scale of several nanometers [52] . The second, chemical contribution, causing up to 10 2 -10 3 enhancement, has origin in sorption of analyte onto the SERS substrate and their electronic coupling leading to enhancement similar to resonance effect [53] . Both these enhancement effects are multiplicative, which increases potential sensitivity. The very detailed discussion about the enhancement theory was given by Ding et al. [54] .
From the text above it is obvious, that important requirement for gaining maximal surface-enhancement is the very close proximity of analyte and metal nanostructure. The affinity of a molecule to the metal substrate can range from weak physical adsorption to strong covalent bond formation, recently excellently reviewed by Xi et al. [55] . The interaction of analyte with substrate might have character of co-adsorption or displacement ( Fig. 2) [56] . During the co-adsorption, analyte interacts (typically via electrostatic forces) with existing stabilizing ion layer without any F I G U R E 2 Scheme of coadsorption and displacement mechanism significant influence on it. Obviously, the co-adsorption might be problematic for negatively charged entities, since they are repelled from the substrate by stabilizing anions (typically citrates). In these cases, the interaction might be supported by an additive acting as a positive bridge attaching both, substrate and analyte (e.g., poly(L-lysine) [20] or spermine [57] ), surface modification of substrate [41, 56, 58, 59] or pH adjustment [19, 40, 60] .
The displacement mechanism relies on binding analyte onto a surface, while removing stabilizing ions. For this, a higher affinity of analyte toward the substrate, than stabilizing agent, is required, allowing to sensitively analyze entities regardless of their charge [39] . This mechanism is typical for thiolic substances, forming metal-sulfur bond with the substrate. Importantly, both interaction mechanisms can be significantly influenced by the presence of an aggregation agent sometimes acting as a competitor, decreasing analyte response [27, 36] . It should be pointed out that despite the fact that strong affinity of an analyte toward the SERS substrate appears to be the most effective strategy to reach the best sensitivity, when column separations are considered, a fast dynamic equilibrium of the interaction is required to avoid extensive peak tailing.
The orientation of analyte towards the substrate is another very important aspect of electromagnetic and chemical enhancement, which is given by physicochemical properties of both, substrate [16, 21, 61] as well as analyte [62] . While the electromagnetic contribution is directly connected with the position of the structure within the electromagnetic field (enhancement is strongest if the vibration of the functional group lies perpendicularly towards the surface), the change in chemical contribution might have origin in differences in the charge transfer mechanism between a metal particle and chemisorbed molecule. Consequently, relative band intensities provide information about the adsorption geometry [63] . Notably, the adsorption geometry relates with the substrate adsorption capacity, thus influencing the range of system linearity as explained in Section 2.2 (see Fig. 3A ).
Effect of pH value
A value of pH falls within absolutely crucial features of every separation system. While in HPLC experiments it might severely influence the retention characteristics, in CE it has direct impact on the speed of EOF and ion mobility [37] . The value of pH can also change the affinity of an analyte toward substrate in general, e.g., via an effect of electrostatic forces attracting charged analyte and substrate [14, 62, 64 ]. An illustrative example of importance of pH value is the work of Lendl and co-workers, where the pyrimidine and purine bases were analyzed by at-line RPLC-SERS [29] . The careful adjustment of pH of collected fractions of separated bases was vital prior the detection to obtain any SERS signal (Fig. 3B ). The change F I G U R E 3 pH-dependent study of: A-surface coordination of fumaric acid on nanostructured silver; B-SERS spectra of xanthine and cytosine. Adopted with permission from [63] and [29] in the structure and charge distribution might naturally influence the adsorption geometry onto a substrate (Fig. 3A ) leading to peak shifts and suppression and/or emergence of spectral lines [62, 63, 65] .
The pH value can even influence the stability of colloid used as a SERS substrate. The most frequently used citratestabilized silver colloid sustains its properties in the range of pH 2-12 [30] . In strongly acidic environment, colloid dissolves giving origin to Ag + , whereas in strongly basic conditions it forms silver oxide. However, one should keep in mind that the stability of colloid can also be in some cases influenced by buffer composition [22] or by addition of acidic/basic agents commonly used for adjustment of pH [20] .
ON-LINE COUPLING OF COLUMN SEPARATIONS TO SERS
Although on-line coupling represents time effective possibility of detection, it brings several limitations, which have to be faced. One of such aspects is the time for signal accumulation. Despite the fact, that a long accumulation time would result in a high S/N [49, 66] , its duration is limited by the need to collect sufficient amount of data points for obtaining well displayed peaks [11] . Generally, accumulation time that corresponds to 10% of the peak width should produce only negligible band broadening [23] .
While for off-line experiments the strong sorption is a welcome phenomenon due to the minimization of analyte-metal distance, for the real time monitoring, it represents a source of peak tailing and/or memory effect. This is particularly an issue, if a solid-state substrate is embedded in a detection cell. Similar obstruction can also originate from the colloid sticking to the point of detection. The sticking usually results from instabilities of the colloid [36, 37, 67] or of thermallyinitiated phenomena [22, 23] . Whereas the removal of adhered NPs might be easily achieved with flashing the system with HNO 3 , the refreshment of solid-state substrates is much more challenging, since the acid would completely devastate the nanostructured surface, and therefore its disposal character is desirable.
Majority of solvents provide only poor Raman signals due to small cross sections, and therefore solvent spectral interferences are observed only in very rare cases [47] . This is considered as a great advantage over IR spectroscopy. However, some solvents (typically acetonitrile) might compete with the analyte in the interaction onto a metal surface [6, 42] . The gradient elution mode brings another issue. Various composition of mobile phase might influence the solubility of analyte, thereby diminishing its affinity for substrates or affecting the aggregation behavior of the colloid. Moreover, similar effect might have other additives too, e.g., organic modifiers or buffer salts.
On-line coupling of HPLC to SERS
Despite the fact that the first promising experiments were conducted in the field of immobilization of NPs onto a separation medium [68, 69] , so far on-line HPLC-SERS constructions relied only on the off-column supply of a colloid. In most cases, the introduction of the silver colloid into a flow of separated analytes occurs via a valve of Y [37, 70] or T [36, 47] shape (see Fig. 4A ). The tubbing between the valve and point of detection sometimes involves a mixing component, i.e., a simple loop [47] or a knitted coil [37, 70] for the minimization of analyte-NPs distance. Despite the fact, that this transport system claims sufficient length for establishing adsorption equilibrium, the extended length is also the source of increased band dispersion [70, 71] . Furthermore, overall geometry should be considered to avoid problems related with back pressure. For the first time, the supply of colloid into the effluent flow was reported by Freeman et al., who analyzed only one compound (pararosaniline hydrochloride) as a proof of concept [47] . However, other groups followed soon with analysis of purine bases and historical dyes, respectively [37, 70] . The colloid was activated by an aggregation agent outside the system prior the analysis [37, 47] or a second junction for its introduction was incorporated prior the SERS detection [36] .
The post-column addition of colloid in a microfluidic platform was proposed by Taylor et al. [11] . Their microfluidic HPLC-SERS system was based on a pillar arrayed separation channel acting as a chromatographic column. The lithographically fabricated pillars have diameter of 1 μm only. The NPs were supplied via a side channel after the separation. Interestingly, a continuous passive mixing based only on radial diffusion was used for merging of effluent and colloid. Very deep numerical and experimental inspection of this approach revealed that increasing mixing time improves signal intensity. However, at the same time, the effect of axial diffusion, dominating band broadening dispersion, is increased too, thus devastating separation efficiency. Therefore, this design did not allow the separation of even a simple model mixture of rhodamine 6G and benzenethiol, since the mixing time needed for reasonable SERS signal devastated the separation efficiency.
F I G U R E 4 Schematic diagrams of on-line LC-SERS instrumentation:
A-employing junction for post-column addition of colloid. The grey parts in the scheme are optional; B-using a droplet from an effluent as a detection cell; C-collecting Raman signal from glass capillary with immobilized Au@Ag NPs attached to a chromatographic column. Adopted with permission from [36] and [28] A very innovative approach minimizing the memory effect occurring as a result of colloid/analyte sticking within the detection cell was published by Cabalin et al. [71] . As in the previously described set-ups, the silver colloid was added to the effluent carrying already separated zones off-column via T-valves. However, the SERS detection took place in a windowless flow cell, which was constructed from two pieces of tubing with a small gap between them acting as an open detection cell of a dead volume of 2.5 μL [66, 71] . The continuous mass transport through this gap was supported by surface tension. Similarly, the group of Goodacre collected the SERS signal from dripping droplets formed at the end of HPLC tubing (Fig. 4B) [36] . The performance of isocratic [36] and gradient stepwise elution [48] mode was demonstrated for quantitative analysis of purine bases and metabolites of methotrexate, respectively. Although these two set-ups nicely reduce the problem of colloid deposition in the detection cell, higher optimization is needed, especially with respect to viscosity of mobile phase and geometry of instrumentation.
Besides the approaches supplying colloid into a system prior the detection, few papers reporting on implementation of solid-state substrate were released too. As mentioned already, solid-state substrates suffer particularly from remarkable memory effect originating from the sorption of analyte onto substrate surface. Wang et al. developed a system of a glass capillary with immobilized Au@Ag NPs onto its inner surface attached to an effluent-end port of a chromatographic column (Fig. 4C) [28] . To avoid the memory effect, this SERS active capillary was replaced with a fresh one between migrating zones of analytes. Although this claims unusually extreme demands on the separation resolution (the SERS spectrum could be recorded only once per minute), it brings possibility to incubate the fraction of effluent with the metal surface, which can boost the sensitivity. On contrary, one can expect, that the signal intensity can significantly vary along the capillary challenging reproducibility. More sophisticated way of employing solid-state substrate was introduced by the group of Schultz [52] . Here, the effluent was hydrodynamicaly focused onto a silver substrate by sheath liquid for closer analyte-substrate interaction, thus increasing the sensitivity [50] . Since their unique detection unit was developed for CE-SERS, it will be discussed in more detail in respective chapter.
On-line coupling of CE to SERS
Unlike HPLC, the open tubular character of CE allows to insert colloid directly into a running buffer. This most straightforward approach was tested by Sepaniak and co-workers in the first work in the field of CE-SERS on-line coupling [23] . Due to a mild potential gradient, a relatively long accumulation time (1 s) could be used, improving sensitivity. However, this resulted in longer separation times and broader peak widths. Despite the tempting experimental simplicity, this approach suffered from the colloid deposition onto capillary walls after the exposure of a laser beam degrading SERS record within several minutes. The photodeposition of NPs can be, to a certain extent, eliminated by sweeping MEKC-SERS system, employing NPs only in a form of a zone rather than a continuum [72] . However, this is viable only at narrow experimental conditions and cannot be used on a routine basis. Of note, strategy of NPs addition to a system absolutely relies on fast sorption-desorption process of analyte to/from the NP surface. Otherwise, formation of analyte-NP complexes would extremely change electrophoretic mobility and remarkably increase peak broadening.
Direct addition of colloid into a system was studied by Becker et al. too [67] . As a separation platform, microfluidic free-flow electrophoresis using isotachophoretic concentration was developed for analysis of myoglobin. In this approach, the zone of an analyte was placed between leading and terminating electrolyte, all containing activated NPs. After application of an electric field, the analyte ions were stacked and carried according to their electrophoretic mobilities toward outlet chambers, which afterward served as optical cells (Fig. 5A ). The separation chamber was composed by channels formed by more than 30 000 diamond-shaped posts preventing collapse of the chip wall during its fabrication as well as effective extending of the separation pathway. Despite the promising concept, the system was strongly limited by adhesion of aggregated NPs resulting in a complete channel clogging.
The post-column addition of colloid, frequently used in HPLC-SERS coupling, is more challenging in the case of CE. Due to narrow inner diameters of separation capillaries any junction represents a serious risk of BGE leakage and/or significant loss of separation efficiency. Despite the experimental difficulties in traditional CE design, the post-column addition of NPs becomes considerably easier in microfluidics. Tycova et al. designed a microfluidic chip involving a dosing structure consisting of two side channels joining the CE channel symmetrically after the electrophoretic separation (Fig.  5B) [27] . Post-column addition of colloid minimizes the influence onto a separation process and a peak shape. Moreover, this design enables to supply an aggregation agent via one of the side channels without prior colloid activation. The mixing of all the three streams (i.e. colloid, aggregation agent, and CE migration) was driven only by diffusion and precise position of detection window had to be considered.
Tiny dimensions of capillary do not allow to embed the solid-state substrate mechanically, directly into the wall of the separation channel. An on-column synthesis of silver substrate from the Ag-NPs precursors, i.e., citrate and silver nitrate, both being contained in a running buffer, smartly solves this issue [73] . The nanostructured silver spot was created after interaction with a laser beam at the beginning of B-CE with on-line SERS detection based on post-column addition of nanoparticles. Re-drawn with permission after [27] the analysis before analytes migrated to a detection point. The time needed for the formation was influenced by a laser power and pH. However, it was in the range of several tens of seconds. Unfortunately, remarkable tailing for most of the chosen model compounds were monitored and this approach is bound to use one of the buffer composition only. The work of Prikryl et al. is based on the very similar principal [22] . Thereby, the spot was created by deposition of NPs prior the analysis via the effect of overheating and sintering by a laser beam. Thus, silver deposition and separation, could be performed at optimum conditions resulting in a significant reduction of peak tailing.
Schultz and coworkers published very promising concept for sensitive on-line SERS detection using solid-state substrate located directly behind the end of a separation capillary [52] . The auxiliary sheath liquid (water) was used for hydrodynamic focusing of effluent and confining molecules of an analyte onto the silver substrate. As the key parameter, the ratio of sheath liquid to effluent flow rates was thoroughly optimized (Fig. 6 ). The hydrodynamic focusing increased the probability of analyte adsorption on the silver substrate and resulted in improved sensitivity especially for low concentrated samples. Interestingly, due to reduced memory effect the typical peak widths were minimized [14] . The great potential of this set-up was demonstrated for LC-SERS coupling [50] as well as for CE-SERS analyses of rhodamines dyes [14] , amino acids [74] , peptides [51] , and urine profiling [75] .
AT-LINE COUPLING OF COLUMN SEPARATIONS TO SERS
Despite the fact that at-line mode is more time consuming and often claims more complicated experimental design, it can effectively deal with some of the limitations of real time monitoring. The key part of at-line constructions is a F I G U R E 6 (a) Scheme of the flow cell and streamlines in the xz-plane normal to the SERS substrate. COMSOL simulations show the confinement and the predicted analyte concentration at different sheath to capillary flow rate ratios: (b) 10:1, (c) 36:1, and (d) 72:1. The capillary flow rate was held constant. The concentration intensity scales from zero concentration (blue) to 1 mM concentration (red). Adopted with permission from [52] mediator collecting a trace from the separation column for subsequent analysis. The separation and detection becomes, therefore decoupled and the accumulation time is limited only by the susceptibility to photothermal degradation of both, analyte and metal nanostructure [21, 38, 49, 76] . However, the accumulation time for at-line approaches commonly does not exceed 20 s.
The mediator is usually a moving plate controlled via automated translation stage. Two types of mediators for effluent deposition were published: (1) with deposited metal nanostructures [20, 38, 65] or (2) requiring the supply of colloid after the trace deposition [42, [77] [78] [79] . The mediator has typically disposable character removing the problem of memory effect, which has to be encountered in on-line constructions. The deposition of the effluent might be conducted as a continuous trace [64, 77] or in discrete points [42, 79] .
Once the trace is deposited, it can be monitored by several (nondestructive) methods or archive for future remeasurement. Since the at-line SERS detection is decoupled in time and space from the separation, evaporation of volatile solvents or washing of the dried analyte spots with water is possible to get rid of competing agents preventing adsorption of analyte molecules to the surface [49] . The evaporation can be boosted by keeping mediator at increased temperature [49, 79] . Last but not the least, there is a great benefit in the possibility to use specific detection parameters for every analyte spot [29] . Usually auxiliary detection method (e.g., absorbance in UV/Vis) is implemented into the set-up to make tracking down of analyte of interest easier [61, 65] . Seifar et al. brought an interesting solution greatly simplifying the monitoring of invisible analytes by using silica plates with F254s fluorescence indicator as a mediator [64] .
Although the mentioned advantages might create an impression of pros only, one should keep in mind that careful control over the stability and uniformity of eluent deposition is absolutely critical to preserve sensitivity, separation efficiency, time-dependent information, and reproducibility at all. Ideally, an illumination area of laser should fit the spot of analyte perfectly to gain the signal from maximal amount of molecules [42] . The broadening of the trace on the mediator surface might be influenced by several factors, where among the most crucial ones belong: (1) the distance between the deposition tube outlet and the mediator surface, (2) analyte affinity towards the mediator, (3) homogeneity and roughness of the mediator surface, (4) linear speed of the mediator, and (5) the flow rate of an effluent. Moreover, a further broadening might be expected for metal-free mediators as a result of colloid deposition onto the effluent trace. Thus, Somsen et al. observed ca. 20% increase in a trace width [77] . The issue of trace broadening is particularly problematic for HPLC, where the flow rates are significantly higher than in CE. It should be stressed, that the deposited traces tend to have non-homogeneous distribution, which decreases their potential for quantitative analyses [78] . It was reported that band intensities of one analyte within a spot on a TLC plate created after HPLC separation provide the coefficient of variation between 30-50% [61, 76] .
At-line coupling of HPLC to SERS
The pioneering work in this field was published by Soper et al. [42] . The proposed workflow was based on the collection of effluent in discrete steps on an aluminum oxide TLC plate, solvent evaporation for up to 1 h, silver colloid deposition, and SERS detection. To avoid extensive wetting of the TLC surface with excess of solvent, the traditional sized HPLC column was replaced by capillary LC system operating at significantly lower flow rates (10-200 μL/min). The Gooijer's group published several works on HPLC-SERS at-line coupling significantly improving instrumentation of Soper [77] . The instrumentation consisted of a traditional-sized LC column incorporating a flow splitter depositing only a fraction of the effluent (3-10%) in a continuous trace on a moving TLC plate. Although this approach eliminates the problem of solvent excess, there is a loss in the sensitivity by draining a significant amount of analyte into a waste. To minimize the trace broadening, the effluent was deposited via spray-jet surrounded by the heated stream of nitrogen evaporating the volatile fractions of solvents. Despite the fact, that this system seems to be very promising, its workability was demonstrated on analyses of organic dyes only using RPLC [77] or RP ionpair chromatography [20, 78] .
The collection of fractions from a separation column into a microtiter plate is another reported possibility of HPLC-SERS at-line analysis. For the surface-enhancement effect, bottoms of microtiter wells were modified with a silver dispersion and dried prior the analyte deposition. Unlike the planar mediator, the dimensions of wells define precisely the maximal broadening of a loaded effluent. Trachta et al. embedded a home-made gelatin-based silver halide dispersion acting as a SERS substrate into bottoms of the wells [6, 80] . Aliquots collected from traditionally-sized HPLC column outlet were deposited onto this SERS substrate at the time intervals determined after correlation with the UV detection record. More sophisticated construction based on effluent deposition from capillary LC into a modified microtiter plate was developed by Lendl's group [10] . The effluent loading could be performed in two various modes. While the continuous mode was based on a constant translation movement of the plate and suitable for overall information about analyzed mixture, the mode depositing whole analyte zone into an individual well was intended to reach maximal sensitivity. A flow-through microdispenser served as an interface between a HPLC system and wells, providing reproducible placement of analytes onto a substrate-silver NPs decorated with quantum dots (Ag@QDs). The presence of QDs resulted in spongy substrate morphology promising for sensitive SERS analyses. This system was used for analyses of pyrimidine and purine bases [29] and dinitrotoulene isomers [10] . It should be noted, that this group successfully tested the use of CaF 2 plate heated to 80 • C as a mediator for the analysis of pesticides too [79] .
At-line coupling of CE to SERS
The CE-SERS at-line coupling can gain over HPLC due to lower flow rates, which naturally creates narrower deposition trace, and therefore respective constructions do not require any flow splitting or a heated gas flow. The deposition of effluent from HPLC claims special tubing connected to a separation column, whereas a simple instrumentation of CE allows performing the deposition directly from the separation capillary outlet. This outlet has to be electrically conductive to close an electrical circuit needed for CE separation. However, low flow rates of CE do not allow to gather a relevant volume of an effluent (e.g., into microtiter wells) without a significant loss of resolution. Therefore, only the depositions of analytes onto a plane mediator were reported.
He et al. demonstrated the use of at-line CE-SERS construction on analyses of model mixtures of environmentally and biologically important substances [38] . The set-up was based on the deposition of analytes leaving metalized capillary outlet onto a grounded moving mediator with surface metalized by silver conductive paint (Fig. 7A) . Thus, the separation capillary outlet provided conductive connection between the BGE and power supply. This instrumentation design was successfully used by the group of Gooijer too, proposing insertion of capillary end into a stainless needle for increased robustness of electrical connection [61] .
The innovative approach published by group of Sepaniak allowed to create a very narrow trace (200 μm wide) on the grounded metalized surface resulting in improved SERS signal with reproducibility of 11% and sustained separation efficiency of ca. 100 000 plates/m [49] . The reported construction was based on sheath-flow interfacing commonly used for CE-ESI-MS. However, for the purpose of deposition the conditions were set off the voltage optimum giving a narrow liquid filament instead of typical electrospray plume. Moreover, to further decrease band broadening, the metalized substrate was deposited onto a heated aluminum block for faster evaporation of solvents. Despite the promising features, it should be noted that the sensitivity potential is to a certain extent decreased by sheath liquid diluting analytes. The system reaching micromolar LODs was tested on a model mixture of erythrosin B, riboflavin, and resorufin.
The same group introduced another innovative design for at-line CE-SERS coupling. In this set-up separation occurred within a microfluidic PDMS device, where a SERS active region of metal clusters was embedded [21, 81] . Prior this region, LIF detection was located for on-line monitoring the separation progress. After all of analytes passed through this point into the SERS active region, the separation voltage was terminated and the device was transferred to Raman spectrometer for scanning of the area of silver clusters (Fig. 7B) . This design minimizes a risk of contamination and enables a reasonable longer analyte-silver exposure, which significantly increased the SERS signal. However, the time requested for the device transfer and/or incubation could be a remarkable source of band broadening due to diffusion. It follows that this design is particularly suited only for simple well resolved mixtures.
CONCLUDING REMARK S
The experimental and methodological development of online and at-line combinations of column separations with SERS detection in the past years demonstrates the effort in an improvement of separation efficiency and detection F I G U R E 7 A-Schema of CE-SERS in at-line coupling with metalized capillary outlet; B-Depiction of various scan regimes within a microfluidic PDMS device with embedded metal clusters. BI-BGE inlet, BW-BGE outlet, SI-sample inlet and SW-sample outlet. Re-drawn after [81] sensitivity. While the separation efficiency of on-line constructions is challenged by extensive peak tailing and memory effect due to analyte interaction with substrate, at-line setups are challenged especially by broadening of deposited trace onto a mediator.
As already mentioned, in case of on-line records analytesubstrate interaction often devastates good separation resolution; however, it is of extreme importance for sensitive detection. Excellent silver/gold affinity is particularly known for family of rhodamines. Together with their ability to absorb in Vis region, they allow easily to achieve resonant conditions (SERRS) leading to remarkable enhancement factors and sensitivities of individual molecules. Although for nonresonant agents sensitivity of 100 000 molecules was already reported [74] , these LODs are far from routine achievements. Chemical modification of substrate surface (or analyte derivatization) might significantly contribute to mutual affinity. Thus, one can expect that SERS becomes a selective method for target analysis from complex matrices providing complementary data to MS, rather than a universal tool for sample profiling.
Despite the fact, that it is generally well-known, that the best enhancement is achieved on the sharp edges of metal nanostructures, practically all herein overviewed publications dealt with spherical NPs. So one can feel potential for sensitivity improvement if triangular or star-shaped NPs would be used. Another often ignored feature is suitable choice of NPs size/shape to fit to the laser wavelength for effective excitation of their plasmon.
Although coupling of SERS with separation techniques has a lot of challenges, its remarkable potential is still an inspiration of analytical chemists to seek new ultrasensitive strategies. Current analytical trends claiming demands on fast analyses of high throughput will probably cause, that on-line setups of disposable character will be in the center of future technological development.
